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Electron microscope study of the reaction olivine + H2O + TiO2 → titanian clinohumite +
Titanian chondrodite synthesized at 8 GPa, 1300 K
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ABSTRACT
The nucleation and growth processes of titanian clinohumite (Ti-Cl) and titanian chondrodite (TiCh) during hydrous alteration of olivine at 8 GPa, 1300 K are described in detail. We observed two
different nucleation sites and orientation relationships for Ti-Cl: (1) heterogeneous nucleation at
olivine grain or phase boundaries, yielding semicoherent (001) lamellae with (001)ol//(001)Ti-Cl and
(010)ol//(010)Ti-Cl; (2) formation of coherent nanometer-sized nuclei inside olivine with the orientation relationship (100)ol//(001)Ti-Cl and (011)ol//(020)Ti-Cl. Only the former, for which the interface
with olivine facilitates the transport of OH– and Ti necessary for the formation of the humite-group
minerals, survives to large sizes. These results suggest that Ti-Cl should form readily in a Ti- and Hrich environment at mantle temperatures, independent of F content, from shallow environments to
those at depths exceeding 250 km, and could play a role in recycling water back into the deep mantle.

INTRODUCTION
Titanian clinohumite (Ti-Cl) [Mg9–X TiX (SiO4)4(OH,F)2–
O2X](0 < X < 0.5) is one of the humite-group minerals that is
of considerable interest as a possible storage mechanism for
H 2O in the upper mantle (McGetchin and Silver 1970;
McGetchin et al. 1970; Aoki et al. 1976; Ahrens 1989; Thompson 1992). Although Ti-Cl is not an abundant mineral on Earth,
it has been identified in a wide variety of magmatic and metamorphic ultramafic rocks, including mantle xenoliths. The conditions of growth of Ti-Cl in these rocks have been variously
interpreted as deep-seated or shallow, based upon other characteristics of the rocks. For example, in Alpine serpentinites
(Trommsdorff and Evans 1980), the stability field of Ti-Cl is
more restricted than that of antigorite, whereas abundant Ti-Cl
and/or its symplectitic dehydration products, olivine + ilmenite,
occur in peridotites of the microdiamond-bearing Kokchetav
massif, Kazakhstan (Efimov 1964; Udovkina 1985) and in the
Shandong ultra-high-pressure (UHP) metamorphic terrane of
the Dabie Mountains of China (Yang et al. 1993; Zhang et al.
1995; Green et al. 1997a). The Alpine occurrences of Ti-Cl
were interpreted to have a low-pressure origin whereas the UHP
occurrences suggest a high-pressure origin. Experimental results have shown that at pressures less than ~2 GPa (Engi and
Lindsley 1980), the stability of Ti-Cl is restricted to relatively
low temperatures but that F substitution for OH (and corresponding reduction of Ti) expands the stability field of
clinohumite to higher temperatures and to pressures of at least
3 GPa (Fig. 1; see also Merrill et al. 1972).
These incomplete and partially conflicting natural and experimental observations make it difficult at present to interpret
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clinohumite-bearing ultramafic rocks unambiguously. This
uncertainty has become an important question recently, based
primarily on two discoveries: (1) Iizuka and Nakamura (1995)
observed in high-pressure experiments at 850 °C that addition
of H2O to peridotite from a rutile-bearing eclogitic source (3
and 6 GPa) had little effect on mineralogy, but under conditions where ilmenite appeared in the paragenesis (8GPa), TiO2
solubility in the fluid was enhanced and reaction with olivine
to form Ti-Cl ensued. Thus, metasomatism as a result of slabderived fluids at very high pressure is a potential source of
mantle Ti-Cl such as that described by McGetchin (McGetchin
and Silver 1970; McGetchin et al. 1970). (2) Dobrzhinetskaya
et al. (1996) discovered abundant ilmenite rods exsolved from
olivine in a subduction-zone peridotite and argued that the implied high solubility of TiO2 suggested an origin at very great
depth (Dobrzhinetskaya et al. 1996; Green et al. 1997a, 2000).
A controversy followed over the data and their pressure implications (Hacker et al. 1997; Green et al. 1997b), but the principals of the controversy are now in agreement concerning the
extreme depth of origin of these rocks (Liou et al. 2000).
To clarify some of these relationships, we have initiated an
investigation of the high-pressure mineralogy and phase chemistry of ilmenite-saturated garnet lherzolite in the presence and
absence of H 2 O. Our results on the anhydrous system
(Dobrzhinetskaya et al. 2000) showed that TiO2 solubility in
olivine, although trivial below 5 GPa, is significant at 8 GPa,
and can exceed 1 wt% at 10–12 GPa. These results are consistent with the original depth estimates for the Alpe Arami peridotite and with subsequent independent depth information from
that rock body (Bozhilov et al. 1999) and others (e.g., van
Roermund and Drury 1998; see discussion by Liou et al. 2000).
Thus, both the mechanism(s) by which olivine is converted to
Ti-Cl during hydrous alteration and the stability range of this

